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1 Introduction Colloidal 
CdSe/ZnS/Trioctylphosphineoxide (TOPO) nanocrystals 
(NCs) have attracted much attention over the decades [1-3] 
due to its fascinating photoluminescence (PL) properties, 
e.g. size-tunability in a wide range of visible wavelengths
and high quantum yields up to 80 % at room temperatures.
The colloidal NCs are isolated from each other and free 
from substrates. Thus it is possible to be embedded into 
various types of photonic and plasmonic structures. Specif-
ically, planar DBR-mirror microcavities [4], polystyrene 
microspheres [5], micro-pillars [6] etc. are of great interest 
in both fundamental physics and practical applications. 
The PL properties of NCs embedded in these microstruc-
tures are greatly modified due to light-matter interaction.  
In order to investigate further aspects of the PL modifi-
cations of the colloidal NCs in the solid-state microcavities, 
we have recently fabricated planar λ-type microcavity with 
two metal (Ag) mirrors and also a similar structure with 
top mirror removed for comparison.  
In the planar microcavity, PL modifications are basically 
observed as expected. On the other hand, unexpected mod-
ifications occur rather in the latter structure. We found the 
structure works as a microcavity even without top mirror, 
and the observed modifications can be described by con-
sidering the weak interaction between the photon-mode in 
the structure and an excited state of the NCs. In this respect, 
we refer the latter sample as a half-“microcaivty”.  
In this letter, we will present the PL modifications of the 
NCs in both types of the microcavities, and discuss the 
origin of the modifications. 
2 Samples and Experiments The CdSe/ZnS/ 
TOPO NCs are synthesized by pyrolytic decomposition of 
organometallic compounds in an organic solvent mixture 
composed of 67 % TOPO and 33% hexadecylamine [1,2,7]. 
Size of the CdSe core and thickness of the ZnS shell were 
estimated to be 2.8 nm ± 0.4 nm and 0.3 nm, respectively.  
We fabricated a planar microcavity designed for λ-mode 
(full-microcavity) and also similar structure without a top 
mirror (half-microcavity), the structures of which are de-
scribed in Figs. 1 (a) and (b), respectively. The silver films 
were deposited by thermal evaporation, and the active lay-
er of a PMMA film (MW = 350,000) containing the NCs 
was formed by spin-coating. 
In designing the λ-mode planar microcavities, the energy 
of photon-mode Eph depends on the incident / viewing an-
We report a recent study on photoluminescence (PL) properties of CdSe/ZnS/TOPO nanocrystals (NCs) in a planar full mi-
crocavity composed of top and bottom two metal (Ag) mirrors, and also in a similar structure but without top mirror, i.e. half-
microcavity, respectively. Angular-dependencies of PL spectra and PL decay curves have been measured to investigate PL 
modifications due to light-matter coupling in the microcavities. Obtained results indicate that PL dynamics are drastically 
changed depending on the microcavity structures. In the full-microcavity, PL emission is directed at particular angles and its 
decay-time is shortened, both of which can be described in terms of so-called Purcell effect, i.e. the interaction between pho-
ton-modes and confined excitons in the NCs. As for the half-microcavity, anomalous PL band appears at low energy side of a 
main PL band associated with the confined excitons. The origin of the anomalous PL will be interpreted as due to the interac-
tion between specific photon-modes in the half-microcavity structure and excitons associated with surface states. 
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gle θ, because perpendicular component of wave vector k⊥ 
is quantized as k⊥ = 2π / L, where the L is cavity length. 
The Eph (θ) is given by Eph (θ) = ħc × [k⊥2 + k//2] 1/2 / n  = 
Eph (0) × [1-(sin θ/n)2] -1/2, refer as Eq. (1), where ħ, c, k//, 
and n are the reduced Plank’s constant, the light velocity, 
parallel component of wave vector of the light and refrac-
tive index, respectively [8]. 
To deduce the light-matter interaction between photon-
mode and excitons, we measured angular-dependencies of 
PL spectra and PL decay curves around the resonant angle 
between Eph (0) and exciton, at room temperatures. 
2 Results and Discussions 
First, we characterize PL properties of the active layer 
alone, i.e. those of the NCs embedded in the PMMA film 
(non-cavity sample). 
Blue and black solid lines in Fig. 2(a) show PL spectra 
of the NCs in toluene and in the PMMA film, respectively. 
The origin of the PL band in toluene was assigned to be re-
combination of electron-hole pairs (excitons) confined in 
the NCs [1,2]. Similar PL band is observed at around 2.24 
eV also in the PMMA, though it shifts slightly to the low 
energy side (7 meV) and its width broadens by 30 %. We 
can understand both the small red-shift and inhomogene-
ous broadening, assuming the reappearing the NCs surface 
states due to the part of removal of TOPOs by embedding 
in the PMMA, as shown in Fig. 2(b).  
Blue and black lines in Fig. 2(c) show PL decay features 
of the NCs in toluene and in the PMMA, respectively. The 
decay curve in the PMMA exhibits non-exponential shape 
and its 1/e decay time (e; the base of the natural loga-
rithms) is 5.4 ns, which is much shorter than that in toluene 
(14 ns). It is plausible that non-radiative relaxation takes 
place occasionally via surface states and thus provides the 
decreasing of the PL decay time as well as broadening.  
Note that another PL band with quite low intensity ap-
pears at ca. 1.73 eV after embedding in the PMMA. Its de-
cay tine is much longer than that of exciton PL (a few hun-
dred of nanoseconds). This low-lying band should be asso-
ciated with such surface states, on which excitons would 
be localized or trapped on / near NC surfaces.  
Next, we discuss optical properties of the NCs in the 
full-microcavity. Figure 3(a) shows the reflection spectra 
at different viewing angles. The vertical broken and dotted 
broken lines are the PL and absorption peak energies ( ePLxE  
and eAbsxE ) of the non-cavity sample mentioned above, re-
spectively. Distinctive dip, ascribed as a photon-mode, is 
clearly observed in the spectra. The angular dependence of 
the dip energy (arrows in Fig. 3(a)) can be well reproduced 
by Eq. (1) with L = 396 nm and n = 1.49 (refractive index 
of the PMMA). The value of L roughly equals to the sum-
mation (362 nm) of the measured thickness of the active 
layer (299 nm) with the calculated penetration length of 
light into Ag mirrors (63 nm) [9]. This result ensures that 
the sample works as a weak coupled microcavity. 
 Figures 3(b) and 3(c) show angular dependences of PL 
spectra and PL band area. The data in Fig. 3(c) is obtained 
from the results in Fig. 3(b). Clearly, there is a strong di-
rectionality in the PL, and the PL intensity reaches the 
maximum value at the resonance angle between ( )phE θ  
and ePLxE  (See the inset in Fig. 3(b)). Bandwidth of the PL 
is reduced by 50% as compared to that of the non-cavity 
sample, and is approximately equal to that of the reflection 
dips in Fig. 3(a). These results suggest that a PL feature of 
the NCs is strongly modified by the interaction with the 
cavity photon modes. 
Red line in Fig. 2(c) shows the PL decay curve of the 
full-microcavity. The decay time T  is estimated to be 1.7 
ns, and it is more than three times shorter than that of the 
non-cavity sample. This is direct evidence that the PL fea-
Figure 2 (a) The absorption and PL spectra of the NCs in tolu-
ene (broken black and blue lines). The solid black line shows 
the PL spectrum of the NCs in a PMMA film. (b) Schematic di-
agrams of the energy levels of NCs in toluene and in the PMMA 
film. (c) The PL decay profiles of the NCs in toluene (blue), in a 
PMMA film (black), in the half-microcavity (green), and in the 
full-microcavity (red). The grey line shows the response func-
tion of the measurement system. The wavelength, duration-time 
and repetition-rate of the excitation light pulses were 407.5 nm, 
50 ps and 500 kHz, respectively. 
Figure 1 Schematics of (a) full-microcavity and (b) half-
microcavity structures. Average distance among the NCs in the 
active layer is estimated to be ca. 7 nm. 
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ture is surely modified in the microcavity. Observed de-
crease in the decay time can be understood by the so-called 
Purcell effect [10], i.e. the enhancement of spontaneous 
emission rate of the excitons due to the matching of local 
density of states of the photon modes. 
 We also measured angular-dependence of the PL decay 
curves, and confirmed that the decay time T  is independ-
ent to the viewing angle. This is because the decay rate K  
( 1/ )T≡  is basically determined by an integral of an emis-
sion rate k  as a function of θ , i.e. ( ) ( )K w k dθ θ θ= ⋅∫ , 
where the w(θ) is a weighting function. 
 
Finally, we describe optical properties of the half-
microcavity. Figure 3 (d) shows the reflection spectra at 
different viewing angles. Two broad-and-shallow dips are 
observed. One dips are located at eAbsxE  (vertical doted bro-
ken line), and so they are ascribed as exciton absorption. 
The other dips shift to the high energy side with increasing 
the viewing angle (See arrows in Fig. 3(d)), almost similar 
with that of the full-microcavity. We consider, together 
with the simulation, the dip is the photon-mode in the half-
microcavity structure.  
In other words, in the half-microcavity, the interface be-
tween the active layer and air (outer side of the sample) 
still works as a cavity mirror. The reflectivity is of course 
much lower than that of metallic mirror, and it depends 
strongly on the incidence angle; the dip structure appears at 
higher incidence angles. The broadness and shallowness of 
the observed dip indicate that the Q-value of the cavity is 
quite small, which is consistent with the low reflectivity of 
the interface. Strong angle dependence of the width and 
depth of the observed dip can also be understood as due to 
the strong angle-dependence of the reflectivity. It should 
be noted that the angular dependence of the reflection 
spectra can also be reproduced by a calculation using Fres-
nel's equations with the optical parameters of the sample. 
Figures 3(e) and 3(f) show angular dependence of PL 
spectra and PL band areas of the half-microcavity. Interest-
ingly, specific spectral shapes and their angular depend-
ence are observed. The PL spectra seem to be composed of 
two PL bands; one is the usual exciton PL at ca. 2.2 eV and 
the other is the PL associated with deeper surface states at 
ca. 1.73 eV (cf. Fig, 2(a)). The PL intensities of the two 
bands reach their maximum at 65° and 30°, respectively. 
We found these angles are the resonant angles between 
photon-mode energy (arrows in Fig.3 (d)) and correspond-
ing PL bands. Thus, we conclude that the origin of the ob-
served PL spectra and their angular dependence are due to 
the interaction of the photon-mode to the confined excitons 
and the excitons associated with the deeper surface states, 
respectively. As the excitons associated with the surface 
states rather tend to relax through a non-radiative pathway 
due to its slow emission rate, the drastic increase of the 
lower PL band can be understood by the enhancement of 
the emission rate attributed to the Purcell effect.  
A green line in Fig. 2(b) shows the PL decay curve of 
the exciton PL band in the half-microcavity. The decay 
time is estimated to be 3.5 ns, and is 1.5 times shorter than 
that of the non-cavity sample, and is 2 times longer than 
that of the full-microcavity. This result support again that 
the structure surely works as a microcavity and that the 
Purcell effect is also works, even if it is not as strong as 
that in full-microcavity. 
More details of the PL properties in the full- and half- 
microcavity structures with fine resonance tunings will be 
described elsewhere. 
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Figure 3 (a) Reflection and (b) PL spectra of the full-
microcavity at various viewing angles. (c) PL band area of the 
full-microcavity as a function of viewing angles. Red and blue 
lines show the PL band area of the higher (2.24 eV) and the 
lower (1.73 eV) components, respectively. (d) Reflection and 
(e) PL spectra of the half-microcavity. (f) PL band area of the 
half-microcavity as a function of viewing angles. 
